Abstract-Introduction of an integrated energy service system in an urban area is assumed. An energy supply plant is installed in the area to provide integrated energy service. It supplies electricity, gas, cooling, and heating to consumers.
toward deregulation is accelerating restructuring in the energy business field.
In this paper, the introduction of an integrated energy service system into an urban area of Japan is assumed. Introduction of such alternative systems offers the possibility of mitigation of environmental impact including emissions [1] . An energy supply plant (EP) is assumed to be installed in the central part of the area, and has the responsibility and obligation of energy supply in the area. It supplies electricity, gas, cooling, and heating by operating a combined heat and power (CHP) system. Energy consumers can combine energy supply from the plant and their own energy equipment such as CHP, air conditioners, etc.
Discussions on the influence of economic factors on the behavior of energy suppliers and consumers are essential to evaluate the effects of introduction of such energy service systems [2] - [4] . Energy pricing is considered to be an economic factor for evaluating the effects of introducing and operating an integrated energy service system.
In this paper, energy pricing is analyzed considering environmental impact and economic impact. Optimum energy pricing is obtained as a Pareto solution by a multiobjective model considering both emissions and economic impact on consumers. To analyze the relationships between energy pricing and evaluation indexes (environmental and economic impact), a model for calculation including linear programming models was constructed. Applying these models, a multiobjective model for minimization of emissions and cost to consumers was also constructed.
II. ENERGY SERVICE SYSTEM

A. Energy Service System of the Area
In conventional urban energy systems, consumers are supplied electricity and gas from electricity and gas utilities, respectively, and they operate their own energy equipment such as heat pumps to satisfy their demand in Japan.
In this paper, introduction of the integrated energy service system shown in Fig. 1 is assumed. An energy supply plant (EP) is installed in the central part of the area and supplies electricity, gas, cooling, and heating to consumers.
The consumers combine energy supply from the EP and energy equipment to satisfy their final energy demand.
The EP purchases electricity and gas from outside of the area, and produces electricity, cooling, and heating for supply in the area.
B. System Configuration
Energy equipment owned by the consumers and the EP is shown in Table I. The abbreviations used for the equipment are  listed below the table. Two types of system configurations (residential dwellings and business facilities) are assumed as the consumers. The EP supplies electricity, gas, cooling, and heating to them. Both the consumers and the EP have distributed generations (DGs) used Residential dwellings have microgas turbines (MGTs) as CHPs. Generated electricity is consumed not only for electricity demand such as lighting but also by electric heat pumps. Reverse flow (selling of electricity) is permitted. An electric heat pump supplies both cooling and heating. It is an alternative to cooling and heating supply from the EP. Exhaust heat is recovered and supplied to the absorption refrigerator for cooling or consumed for heating demand and hot water.
Business facilities also have CHPs. Restaurants and shops have MGTs as CHPs, and other facilities have gas engines (GEs). These system configurations are typical in Japan. Generated electricity is consumed for electricity demand and electric turbo refrigerators. Recovered heat is consumed for absorption refrigerators, heating demand, and water heating. The EP also has a CHP and generated electricity is supplied to the consumers. Recovered heat is combined with the output of the gas boilers and consumed for turbo refrigerators and heating demand.
III. MODEL FOR CALCULATION
An energy system model including linear programming models (Figs. 2 and 3 ) was constructed to describe assumed energy service systems, and various types of analyses were performed for energy pricing, environmental impact, and economic impact on the consumers and the supplier. The model consists of a main model (Fig. 2 ) and a submodel (Fig. 3) . Fig. 2(a) describes flow to obtain a Pareto optimum solution. Fig. 2(b) demonstrates auxiliary explanation.
A. Main Model
Calculation flow of the main model to obtain a Pareto optimum solution is described below. Roman numerals correspond to numbers in Fig. 2. i) Various energy pricing scenarios are assumed and input to the submodel. emission , consumers' cost , economic impact, etc. are calculated from the energy pricing and other input data by the submodel. A set of calculation results is obtained by inputting various energy pricings to the submodel. The set is plotted as shown in Fig. 2 
(b)-(i)
. ii) Cases that fulfill the assumed emission constraint (i.e., ) are selected from the set of calculation results. iii) Optimum cases are chosen from the sets as the final step.
The objective function in this study is minimization of the consumers' cost. Therefore, the case, having the minimum value for consumers' cost is chosen for each constraint. iv) ii) and iii) above are repeated as changing values for the emission constraint . As the result, sets that correspond to the constraint values are obtained as closed circles in Fig. 2 
B. Submodel
The submodel calculates the behavior of both the consumers and the EP from the energy pricing and other input data. The consumers and the EP are assumed to behave rationally depending only on their economic impact. Uncertainties such as change in demands, pricing, and other factors in the future are not considered in this paper.
The calculation in the submodel consists of two steps (the consumers and the EP).
In the first step, energy prices and the consumers' energy demand are input to linear programming models for the consumers. The total energy demand that is supplied by the EP, total capacity, and operational strategies of energy equipment owned by the consumers, and annual disbursement of the consumers are calculated.
The hourly and seasonal end-use energy demand of each facility is assumed as the daily load curve per floor area. Seasonal variations are represented by three typical days (summer, winter, and middle).
The energy pricing assumptions are described later (Table IV) .
The total energy demand of the area is calculated by multiplying and summing the calculation result for each facility and its floor area. This gives the energy demand that the EP has to supply.
At the second step, the total energy demand of the area is input to the linear programming model for the EP. Energy purchases (electricity and gas) from outside of the area, and profit and loss of the EP are calculated by the model.
By summarizing these calculation results, the emission and economic indexes are obtained.
C. Linear Programming Models
Linear programming models have been developed for residential dwellings, business facilities, and the EP.
Their objective function is minimization of annual cost. The annual cost consists of energy cost and equipment cost, which is in proportion to the capacity of the equipment. The constraints consist of energy supply and demand, capacity of the equipment, and purchase of energy.
In general, not only cost minimization but also maximization of profit can be considered to be the objective function of the EP. The EP is assumed to be obligated to supply all of the energy demand of the consumers. The income of the EP depends on the consumers. Therefore, minimizing cost is the only measure to increase profit for the EP.
Details of the models (equations) are attached as the Appendix.
IV. APPLICATION TO THE MODEL AREA
A. Description of the Area
A middle-sized urban area that includes two types of residential dwellings and five types of business facilities is assumed as the model area. The configuration of the energy consumers is shown in Table II .
Daily load curves of the end-use demand of each type of facility are also assumed [8] , [9] . The load curves are various, depending on each consumer, and constantly change. However, it is appropriate to apply an average curve as a representative for analyses that involve a large number of consumers, as in this study.
Consumer demand is characterized by future uncertainty. It is related to economic conditions, climate conditions, and consumers' lifestyles. A marked increase or decrease of demand is not expected in either residential dwellings or business facilities in Japan.
B. Energy Supply Equipment
Efficiencies (COP: coefficient of performance) and annual costs of energy supply equipment are shown in Table III [10] . The costs consist of depreciation and periodic maintenance costs. It is assumed that they depend on the capacity of the equipment in this study. 
C. Energy Pricing
Assumed energy prices are shown in Table IV . Each energy price, except gas, consists of a base charge that is based on peak demand through the year, and a meter charge that is in proportion to purchased energy.
The actual tariffs of an electricity utility [11] and a gas utility [12] in Japan were referenced for the assumptions.
The reverse charge (selling price) is less than half the meter charge (buying price) in Japan. However, the reverse charge for the consumers is assumed to be the same as their buying price, because reverse flow of surplus electricity from the consumer to the EP does not reduce energy over the whole area. Electricity and gas utilities have recently begun to reduce prices, reflecting deregulation of the energy market in Japan 3 [5] , [13] . The prices shown in Table IV may therefore change in the future. However, the possibility that violent fluctuations will occur is considered to be small.
The energy prices shown in Table IV are the standard prices. Assumptions of the meter charges paid by consumers to the EP are varied from 20% to 20% in increments of 5% (i.e., , standard price, ) to analyze the effect on energy pricing.
D. Price Elasticity
The influence of price elasticity is also considered in this study.
In general, there are two types of price elasticity regarding the relationship between goods and prices. These factors are often used in macroeconomic models.
The macroeconomic type calculation is applied only to selfelasticity in this study, although calculations are performed basically by bottom-up models.
The cross-elasticity factor is not explicitly treated in this study. However, optimization is performed by combining four types of energy, which realizes application of the concept of cross-elasticity.
E.
Emission Intensity emission is calculated by multiplying purchases of energy from outside of the area by each emission intensity. Several parameters were considered for estimating the emission intensity of electricity from outside. The intensity depends on the generation mix (thermal, nuclear, hydro, etc.), and the generation mix constantly changes. It is difficult to define how much is reduced when 1 kWh of electricity is saved [14] , [15] . The following three parameters were therefore considered.
1) average intensity through a year; 2) intensity of thermal plants; 3) daytime intensity of thermal plants, and nighttime intensity of nuclear plants. We calculated each of the above three cases. The result of case 3) is described as a typical case in this paper. The values of emission intensity used in this study are shown in Table V .
F. Indexes for Conventional System
Calculation was performed for the conventional system to provide an evaluation standard as a reference.
The system configuration assumed is shown in 
A. Optimum Energy Pricing
Optimum energy pricing is shown in Fig. 4 . This is the Pareto optimum solution of the multiobjective problem that considers emission and consumers' cost. The consumers' cost is also plotted with a solid line for reference.
The vertical axis shows the energy price (deviation from the standard price: %) and consumers cost (deviation from the values of the conventional case: %).
For example, in the case in which the emission allowance is 0%, electricity is found at the 5% energy price while gas and heat are found at 5% and 20%, respectively. Optimum energy pricing for the case in which the constraint is 0% is therefore the set of 5% for electricity, 5% for gas, and 20% for heat.
These solutions are summarized in Table VIII . Generally, expensive energy pricing is chosen for a strict constraint. This creates an economic disadvantage for the consumer. The electricity price rises as the constraint become stricter. The gas price also rises, but the trend is not so clear. The heat (cooling and heating) price remains at a low level unless the constraint becomes very strict. The effects of the prices of electricity and heat on emission and the consumers' cost are larger than those of the gas price. 
B. Economic Evaluation
The economic indexes are shown in Fig. 5 . The EP's profit and social welfare are described as deviations from the case in which the standard price is applied.
The consumers' cost increases monotonously as the constraint become stricter. The increase rate is approximately 78 600 yen/t-(288 000 yen/t-C). 4 This is much higher than the emission cost currently being discussed in the context of permits or a carbon tax. The difference between the consumers' costs for loose and strict constraints is about 20%. This means that the consumers have to accept 20% higher payment to mitigate emission.
The other economic index for consumers is consumers' surplus. The decrease of consumers' surplus for a strict restriction of emission shows that the consumers' final energy demand is reduced by elasticity as the restriction becomes stricter. This is caused by expensive energy pricing to reduce emission. It can be seen that some degree of economic disadvantage to consumers is unavoidable to mitigate emission. The EP's profit also increases as the constraint becomes stricter. Energy prices increase when the constraint be- 4 About U.S.$ 2 200/t-C (1 US$ = 130 yen). comes stricter, increasing the income of the EP. On the other hand, the change in the EP's expenditures is negligible. As a result, the EP's profit increases as the constraint becomes stricter.
The EP has both an obligation and a monopoly with regard to energy supply. Therefore, the EP has the nature of a public organization. Considering this character of the EP, such an increase in profit should be returned to society, because the EP gains the profit without efforts.
Social welfare may be considered an index for evaluating the change of economic impact on society to mitigate emission. 5 It is calculated as the sum of the consumers' surplus and the EP's profit. As shown in Fig. 5 , it remains at almost zero. Only energy prices in the area are changed in this study. Therefore, cash flow in the subject area will change in the manner of a zero-sum game.
C. Other Indexes
The direct factors for mitigation of emission are reduction of end-use demand [ Fig. 6(a) ] and improvement of emission intensity [ Fig. 6(b) ].
Both indexes decrease as the emission constraint becomes stricter.
Compared with the case of loose constraint, end-use demand is reduced by 9.6% and emission intensity is reduced by 5.1% when the constraint is very strict. As a measure for mitigation, the reduction of emission intensity is more acceptable than the reduction of end-use demand, because it involves no economic disadvantage to the consumers. However, no economic disadvantage means no incentive. Consumers will therefore unavoidably suffer some economic disadvantage.
VI. CONCLUSION
In this paper, introduction of an integrated energy service system into an urban area is assumed.
Pareto optimum solutions for a multiobjective model that has two objective functions, emission and consumers' cost, are obtained.
The conclusions reached from the analysis are as follows. 1) emission and economic impact greatly depend on energy pricing. Therefore, not only the system configuration but also energy pricing should be considered when introducing alternative energy service systems.
2) The cost to consumers increases as the constraint becomes strict. An appropriate strategy mix for mitigation of emission is necessary so as to avoid excessive economic disadvantage to the consumers. The economic disadvantage should be shared by all related individuals and organizations.
3) The increase in the EP's profit in the case of strict constraint should be returned to society without spoiling the incentives to mitigate emission.
APPENDIX
The mathematical formulations of the LP models used in this study are as follows. 5 As analyses were performed from the perspective of energy, utility and cash flow, external costs were not taken into consideration in this paper. So, the benefit gained by mitigating CO is not taken into account.
A. Residential Dwellings
The objective function is minimization of cost (1). The constraint consists of energy demand and supply (2)-(9), capacity of equipment (10) , and purchased energy (11).
Heating supply from the EP is not applicable to absorption refrigerators, because its temperature is not sufficiently high. Absorption refrigerators use only recovered heat of MGT (8) .
Minimize Cost 
Max. of EP Supply EP Supply(s,t) (11)
B. Business Facilities
The objective function of business facilities is also cost minimization, as in the case of residential dwellings. Constraints (2)-(9) are displaced by (12)-(16). Equation (17) is applied, because absorption refrigerators use only recovered heat or boiler output as in (8) . 
C. EP
The objective function of the EP is also cost minimization. Constraints (2)- (9) or (12) 
